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PREFACE 


This  final  report  documents  an  experimental  study  to  elicit  the  infrared 
properties  of  H^O  ,  CO^  or  NH^  molecules  that  have  been  in  a  single  high- 
energy  collision  with  or  O  .  The  research  program  was  undertaken  by 
Cal  span  Corporation,  Buffalo,  New  York,  under  Contract  No.  F04611-72-C- 
0035  for  the  Air  Force  Rocket  Propulsion  Laboratory,  Director  of  Science 
and  Technology,  Air  Force  Systems  Command,  Edwards  Air  Force  Base, 
California  93523.  This  program  was  sponsored  by  the  Advanced  Research 
Projects  Agency;  Col.  Paul  Baker,  Director,  ARPA  Plume  Physics  Program, 
and  monitored  by  the  Air  Force  Rocket  Propulsion  Laboratory;  Capt.  J.  R.  Nunn 
and  Dr.  Lawrence  Quinn,  technical  monitors. 

The  overall  program  was  divided  into  three  main  tasks.  The  purpose 
of  Task  A  was  to  measure  the  spectral  infrared  radiation  induced  by  high-speed 
collisions  between  rocket  exhaust  products  and  atmospheric  species.  The 
purpose  of  Task  B  w«<i  to  relate  the  pure- rotational  spectra  obtained  in  Task  A 
to  the  tocal  plume  radiant  intensity,  determine  collisional  cross  sections  for 
rotational  excitation,  and  extrapolate  the  results  to  higher  velocities.  The 
purpose  of  Task  C  was  to  measure  SWIR  spectral  radiances  and  other 
supporting  diagnostic  characteristics  of  rocket  plumes  in  a  high-altitude  test 
facility, 

A  detailed  discussion  of  each  task  is  presented  in  two  separate  reports. 
This  report  (A^RPL-TR-74-  30 )  rV. scribes  the  results  of  Tasks  A  and  B. 

A  report  (AFRPL-TR-74-31)  to  be  issued  later  will  describe  the  results  of 
Task  C . 

The  authors  wish  to  acknowledge  the  assistance  of  Miss  Marcia  Williams 
in  the  analysis  of  the  rotational  spectrum. 
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1.  INTRODUCTION 


The  experiment  that  is  described  here  was  designed  to  elicit  the 

f* 

infrared  radiative  properties  of  molecules  of  H^O  ,  C09  or  NH^  that  have 
been  involved  in  a  single  high-energy  collision  vvith  N2  ,  O  ,  or  Argon.  A 
pressure-driven  reflected- shock  tunnel  was  used  to  produce  N^  molecules 
at  a  velocity  of  5.8  Km/  sec*  O  atoms  at  4.3  Km/seci  argon  at  5.4  Km/ sec 
-at  sufficiently  low  density  that  the  effect  of  single  collisions  could  be  observed. 
A  liquid  nitrogen  cooled  flat  plate,  containing  the  ,  CO2  or  NH^  in¬ 

jector  and  a  Ge:Hg  infrared  detector,  was  aligned  with  the  flow  in  the  test 
section.  A  second  flat  plate,  also  cooled  with  liquid  nitrogen,  was  placed 
parallel  to  the  first  plate  and  served  as  a  cooled  background  for  the  detector. 

For  the  experimental  arrangement  just  described,  the  energy  trans¬ 
ferred  to  rotational  excitation  of  the  target  molecule  is  close  to  the  maximum 
for  this  type  of  collision.  Viewed  in  the  center-of-mass  coordinate  system, 
such  a  collision  results  in  both  particles  emerging  from  the  interaction  zone 
with  little  residual  velocity.  In  the  laboratory  system  both  particles,  and  in 
particular  the  excited  target  molecule,  move  with  a  velocity  close  to  that  of 
the  center  of  mass.  Since  the  initial  velocity  of  the  target  molecule  is  an 
order  of  magnitude  smaller  than  the  approaching  molecule,  O  atom  or 
Argon,  the  center-of-mass  velocity  is  approximately  aligned  with  the  velocity 
of  the  N,,  ,  O  or  Argon  stream.  Thus  the  excited  target  molecules  travel 
downstream  nearly  parallel  to  the  direction  of  the  bombarding  stream. 

One  can  take  advantage  of  this  special  feature  of  these  collisions  to 
design  an  experiment  in  which  excited  states' are  generated  at  one  stream- 
wise  location  and  the  associated  radiation  intensity  viewed  by  an  infrared 
detector  at  a  location  farther  downstream.  The  design  limitations,  then, 
are  related  to  the  lifetime  of  the  excited  state  as  compared  with  the  transit 
time  to  (and  through)  the  field  of  view  of  the  detector,  and  to  the  probability 
of  collisional  deexcitation. 

In  Section  2,  the  experimental  apparatus  and  diagnostic  techniques 
used  to  obtain  these  results  are  described.  Section  3  discusses  the  data 
reduction  procedure  used  to  convert  the  detector  output  to  the  appropriate 
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values  of  the  ratio  of  cross  section  for  collisional  excitation  to  the  lifetime  | 
of  the  participating  excited  state  (  0%  /  T  )  and  Section  4  discusses  the 
theoretical  calculations  utilized  to  go  from  values  of  (  CH»  /  X  )  to  values 
fo>  the  excitation  cross  section,  <7*  .  Section  5  presents  the  experimental 
data  for  the  interaction  of  -H^O,  -CO^,,  ^-NHy  O-H^O,  and  Ar-HyO/ 

The  Appendix  provides  some  semi-empirical  formulae  which  permit  correla¬ 
tion  of  vibrational  relaxation  data  and  collisional  excitation  cross  sections. 


2.  EXPERIMENTAL  APPARATUS  AND  TECHNIQUE 


2.1  Shock-Tunnel  Measurements 

The  shock-tunnel  used  in  this  work  utilizes  a  3-inch  internal  diameter 
by  42  feet  long  pressure-driven  shock  tube  as  its  gas  supply.  For  these 
nitrogen  experiments  the  driver  gas  was  hydrogen  at  10,000  psi  and  670°K, 
and  the  driven  gas  initial  pressure  was  30  torr  and  room  temperature.  For 
the  oxygen  experiments  the  driver  gas  was  helium  at  12,000  psi  and  670<‘K, 
and  the  driven  gas  initial  pressure  was  30  torr  and  room  temperature.  For 
the  argon  experiments  the  driver  gas  was  hydrogen  at  12,000  psi  and  670°K, 
and  the  driven  gas  initial  pressure  was  30  torr  and  room  temperature. 

Flow  is  initiated  by  rupturing  the  double  diaphragms  which  initially 
separate  the  driver  and  driven  gases.  The  tunnel  is  of  a  two~sta.ge  design. 

The  initial  two-dimensional  expansion  allows  the  flow  to  expand  to  a  nominal 
Mach  number  of  3.5.  This  flow  is  then  turned  through  10°  by  a  Prandtl- 
Meyer  expansion  on  a  flat  plate,  the  center  portion  of  this  flow  being  collected 
by  the  entrance  stage  of  a  conical  nozzle.  The  final  diameter  of  the  nozzle  is 
six  feet  and  a  twenty  feet  long  constant  diameter  dump  tank  is  attached  to  the 
nozzle  at  this  diameter.  The  flat-plate  model  used  in  this  work  is  shown  in 
Figure  1  and  was  located  just  downstream  of  the  nozzle  exit  plane. 

Because  of  the  high-enthalpy  conditions  of  interest  in  this  study,  it 
was  known  that  the  available  test  time  would  be  relatively  small.  It  was  felt 
to  be  essential  to  the  success  of  the  study  that  the  d-  *  ion  and  uniformity 
of  the  test-gas  flow  be  determined  experimentally.  efore,  several 

diagnostic  experiments  were  performed  for  the  shock-tube  flow  and  for  the 
nozzle  flow  in  order  to  define  the  parameters  of  interest. 

Shock-tube  measurements  were  performed  in  order  to  establish  the 
shock-wave  diagram  (distance-time)  for  the  high- enthalpy  conditions.  An 
unfiltered  1P28  photomultiplier  tube  was  used  to  monitor  the  incident- shock 
radiation  intensity.  Six  photodiodes  were  used  to  monitor  the  reflected -shock 
radiation  ntensity  in  the  wavelength  range  0.36  to  1.1  microns.  One  of  the 
diodes  was  located  in  the  end  wall  so  as  to  view  the  radiation  intensity  parallel 
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SCHEMATIC 


to  the  shock-tube  axis.  The  remaining  photodiodes  were  located  in  the  side 
wall  so  as  to  view  the  reflected- shock  processed  gas  normal  to  the  tube  axis 
at  0.62,  1.12,  1.62,  3.88  and  4.88  inches  from  the  end  wall.  A  flush-mounted 
pressure  transducer  was  located  in  the  end  wall  in  order  to  measure  the 
reflected- shock  pressure  history.  The  data  obtained  from  these  detectors 
made  it  possible  to  construct  the  appropriate  shock  -wave  diagrams  and 
ascertain  the  uniformity  and  duration  of  the  reflected- shock  test  slug. 

Figures  2  and  3  illustrate  the  characteristics  of  the  oscilloscope 

records  obtained  using  nitrogen  as  the  test  gas  at  a  reflected-shock 

reservoir  condition  of  8600°K  at  85  atm  pressure.  The  corresponding 

value  of  the  maximum  velocity  to  which  the  test  gas  could  be  expanded 
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(V2 11  T- '  )  was  about  6.  5  x  10  cm/ sec.  However,  at  this  test  con* 

'  reservoir 

dition,  the  velocity  realized  in  the  test  section  was  calculated  to  be 

5.  8  x  10  cm/sec  {this  value  has  been  confirmed  experimentally  as  will  be 

5 

described  later  in  this  section),  reduced  from  6.  5  x  10  c.m/sec,  because 
of  the  energy  frozen  in  dissociation  oi  13  per  cent  of  the  nitrogen  molecules 
at  the  test  location.  Figure  2(a)  ilJustrates  the  uniformity  and  duration  of 
the  incident -shock  radiation  intensity  measured  upstream  of  the  end  wall, 
Figure  2(b),  is  the  reflected-shock  pressure  measured  at  the  end  wall,  and 
Figure  2(c)  is  the  radiation  intensity  measured  after  shock  reflection  look¬ 
ing  from  the  end  wall.  Figure  3(a)  through  (d)  are  the  radiation-intensity 
histories  measured  after  shock  reflection  looking  normal  to  the  tube  axis 
at  0.  62,  1,  12,  1,  62  and  4.  9  inches  from  the  end  wall.  The  data  presented 
in  Figures  2  an.d  3  are  used  to  construct  the  wave  diagram  shown  in 
Figure  4.  The  reflected-shock  test  time  can  be  seen  to  be  on  the  order  of 
100(j.sec  for  this  condition. 

Experiments  were  also  performed  at  shock-tube  conditions  that 
resulted  in  somewhat  lower  test-section  particle  velocities  but  increased 
test  time.  This  test  condition  will  be  used  to  study  the  influence  of 
velocity  on  the  infrared  radiation  observed  from  the  excited  target  mole¬ 
cules.  The  shock-wave  diagram  obtained  for  this  condition,  which  resulted 
in  a  test-section  velocity  calculated  to  be  5.  2  x  10  cm/ sec,  is  shown  in 


Figure  2  MEASUREPJIENTS  IN  NITROGEN  TEST  GAS  FOR  TREF  =  8600  °K  AT  85  ATM 
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Figure  5.  It  is  of  interest  to  compare  these  results  with  those  of  Figure  4 
and  note  the  reduction  in  reflected-shock  test  time  with  increasing 
reservoir-enthalpy  level. 

1  2 

The  transient  starting  process  '  of  the  nozzle  is  an  important 
consideration  because  of  the  potential  influence  on  the  available  test  time. 
Therefore,  measurements  necessary  for  the  determination  of  the  starting 
process  were  obtained  using  nitrogen  as  the  test  gas.  As  part  of  this 
work,  the  test -gas  particle  velocity  as  well  as  the  duration  and  uniformity 
of  the  flow  were  obtained  in  the  test  section  at  the  flat-plate  location.  The 
diagnostic  tools  used  in  this  work  were  thin-wire  Langmuir  probes  and 
piezoelectric  pressure  transducers.  The  wire  probes  were  0.  004  in. 
diameter  by  0.  400  in.  in  length  and  were  aligned  with  the  flow  direction. 

Two  of  these  probes  were  biased  at  +  1  volt  so  as  to  collect  electrons.  By 
placing  the  probes  a  known  axial  distance  apart  and  by  assuming  the  plasma 
to  be  neutral,  the  particle  velocity  could  be  determined  by  observing  the 
smali  fluctuations  in  test-flow  electron  density.  The  nonuniformities  in 
the  electron-density  history,  observed  at  both  axial  stations,  can  be  readily 
used  to  estimate  the  particle  velocity.  These  data  were  recorded  on 
oscilloscopes  at  sweep  rates  such  that  the  velocity  could  be  determined 
within  the  necessary  accuracy. 

A  third  electrostatic  probe  was  placed  in  the  test  flow  and  the 
voltage  applied  to  this  probe  was  swept  from  -5  to  +2  volts  during  the  test 
flow  so  that  the  electron  density  and  electron  temperature  could  be  deter¬ 
mined.  Figures  6  and  7  illustrate  the  oscilloscope  records  from  which  the 
electron-density  and  electron-temperature  results  were  deduced  using  the 
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free-molecular  flow  theory  of  Laframboise.  The  probe  output  was 
recorded  on  two  oscilloscopes  so  that  the  ion-current  region  could  be 
separated,  and  recorded  on  a  more  sensitive  scale,  from  the  electron- 
retarding  and  electron-current  regions  of  the  probe  characteristic.  The 
electron  temperature  was  found  to  be  approximately  1300°K  reflecting  a 
nitrogen  vibrational  temperature  of  the  same  order  a3  compared  with  a 
calculated  heavy-particle  temperature  of  approximately  230°K.  The 
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Figure  5  SHOCK-WAVE  DIAGRAM  OBTAINED  FROM  EXPERIMENTS 


CURRENT  REGION  OF  EXPERIMENTAL  PROBE  CHARACTERISTIC 


electron  density  deduced  from  the  ion-current  region  of  the  probe  charac- 
teristic  was  3  x  1G/  a  /cm  compared  with  1.  8  x  IQ7  e  /cm  obtained 
from  the  electron-current  region.  This  agreement  between  the  electron- 
density  values  obtained  from  these  two  portions  of  the  probe  characteristic 
is  satisfactory  for  the  purpose  of  ascertaining  me  appropriate  expansion 
parameters.  Additional  experiments  were  conducted  for  which  better 
agreement  was  achieved  betv/een  the  electron  density  determined  from 
these  two  portions  of  the  current -voltage  characteristic. 

In  addition  to  the  Langmuir -probe  measurements,  the  pitot  pres¬ 
sure  was  measured  using  flush-diaphragm  piezoelectric  transducers  in 
order  to  provide  for  a  check  on  the  gas  density,  since  the  pitot  pressure 
is  proportional  to  p  u>  ,  and  the  spanwise  flow  uniformity.  Since  the 
particle  velocity  was  known  from  the  Langmuir-probe  measurements  and 
confirmed  by  nonequilibrium-flow  calculations  and  since  the  specific  heat 
ratio  could  be  calculated,  the  gas  density  was  easily  determined  within  the 
necessary  accuracy.  The  gas  density  determined  in  this  manner  was  then 
compared  with  the  results  of  an  inviscid-flow  calculation  in  order  to 
determine  the  appropriate  expansion  area  ratio  for  our  experimental  con¬ 
ditions.  To  provide  a  check  on  this  determination,  the  calculated  electron 
density  at  the  area  ratio  determined  from  the  pitot-pressure  measurements 
was  compared  with  the  measured  electron  density  and  found  to  be  in  good 
agreement. 

Both  the  electrostatic -probe  and  the  pitot-pressure  measurements 
indicated  that  approximately  ten  to  fifteen  percent  of  the  available  test  time 
was  consumed  in  the  starting  process.  It  was  thus  concluded  that  the 
transient  starting  process  of  the  noazle  would  not  adversely  influence  the 
available  test  time  at  these  high-enthalpy  conditions:  Further,  the  electron 
density  as  a  function  of  time  was  found  to  have  only  minor  fluctuations  in 
the  test  flow  suggesting  good  test-flow  uniformity. 

2.  2  Detector  a.  d  Filter  Calibration 

The  infrared  detector  used  in  these  experiments  was  a  liquid  helium 
cooled  mercury  doped  germanium  detector.  As  illustrated  in  Figure  8,  the 
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VIRTUAL  IMAGE 
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SCHEMATIC  OF  DETECTOR  CALIBRATION  (NOT  TO  SCALE) 


field  of  view  of  the  detector  was  terminated  at  the  opposite  wall  of  the 
model  by  a  surface-silvered  spherical  mirror  whose  center  of  curvature 
was  approximately  coincident  with  the  detector  chip.  The  purpose  of  this 
mirror  was  to  minimize  diffused  reflection  of  radiation  into  the  detector, 
which  could  have  occurred  since  the  LN2 -cooled  model  was  suspended  in 
a  vacuum  tank  at  room  temperature.  Provided  the  surface  of  the  mirror 
did  not  frost,  the  only  background  radiation  that  could  enter  the  detector, 
in  principle,  had  to  come  from  the  surface  of  the  mirror.  The  mirror  was 
backed  by  a  pad  of  copper  mesh  to  keep  it  in  good  thermal  contact  with  the 
LN2 -cooled  model. 

For  these  experiments  the  radiation  intensity  was  observed  in  the 
region  from  2.  5  to  14.  Op  using  eight  different  filters.  The  half-power 
points  for  each  of  these  filters  are:  (1)  2.  5  to  3.  1  pm,  (2)  4.  28  -4.  34pm, 

(3)  5.  7- to  7.  5  pm,  (4)  8.  3  to  9.  2  pm,  (5)  8.  3  to  14.  Opm,  (6)  9.  1  to  10.  3  pm, 
(7)  10.  6  to  11.  6pm  and  (8)  11.  1  to  14.  Opm.  The  field  of  view  of  the 
detector  is  30°  and  a  2  mm  thick  Irtran  2  window,  cooled  to  liquid  nitrogen 
temperature,  separates  the  detector  shroud  from  the  test  flow.  For  each 
experiment,  one  of  the  eight  previously  mentioned  filters,  cooled  to  near 
liquid  helium  temperature,  is  placed  between  the  detector  and  the  Irtran  2 
window  in  the  field  of  view.  It  was  therefore  necessary  to  perform  cali¬ 
bration  experiments  for  each  of  the  filters  by  employing  a  known  input 
radiant  flux  of  the  same  order  as  expected  in  the  experiment.  This  input 
signal  was  provided  by  a  platinum  wire,  0,  0001  inch  in  diameter  by  0.  100 
inch  in  length,  placed  in  the  FOV  and  electrically  heated  to  provide  the 

necessary  radiant  flux,  By  measuring  the  wire  resistance  and  knowing  the 
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spectral  emissivity  of  platinum  as  a  function  of  temperature,  it  was  pos¬ 
sible  to  calculate  the  radiant  flux  emitted  by  the  wire  over  each  bandwidth 
using  the  equations  presented  above. 

In  order  to  compute  the  appropriate  area  of  the  radiating  surface  it 
was  important  to  review  the  calibrating  system  in  detail.  If  the  system 
were  perfectly  aligned  the  hot  wire  would  cast  its  shadow  across  the  center 
of  the  detector,  in  the  radiation  reflected  from  the  mirror.  If  imperfectly 
aligned,  that  shadow  could  miss  the  detector  completely  anc.  there  would 
be  no  loss.  The  maximum  possible  loss  caused  by  the  shadow  is  very 
small,  since  the  wire  diameter,  ol  ,  was  0.  0001  inch.  Considexung  the 


radiation  from  a  point  on  the  surface  of  the  virtual  image,  noting  that  the 
wire  length,  L  ,  is  an  order  smaller  than  the  other  dimensions,  the 
width,  S  ,  of  the  shadow  is  given  by 


A_  =  R  +  l' 
d  b  +  $ ' 

Now,  since  R  *  2  f  ,  where  f  is  the  focal  length,  and  ~~  = 

f 

Eq.  (1)  can  be  written 


The  approximate  values  were 


j 
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(2) 


R  -  5-1/2  inches 
~lr  =  1/2  inch 


making 


(3) 


The  detector  aperture  is  square  with 


P  =  0.  25  cm 


The  wire  diameter  is 


d  51  0,  0001  inch 

Thus  the  maximum  fractional  loss  of  radiation  from  the  image  was 
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Since  the  radiation  from  the  wire  and  its  image  are  roughly  equal  at  the 
detector,  the  correction  fur  the  shadow  effect  is  about  (1/4)%  and  was, 
therefore,  neglected. 


The  power  3*adiated  into  the  detector  from  the  hot  wire  and  its 
image  is  readily  obtained  in  terms  of  the  radiance  of  the  surface,  N \ 
Assuming  the  wire  to  be  a  Lambertian  surface  (which  is  probably  not  quite 
accurate  beyond  50“  from  the  normal)  the  power  radiated  into  the  detector 
in  the  wavelength  interval  A  A  is  given  by 


AA  -  Ld  A/a  AA^  [(7?  --£)*  +  (R  +4')~Z 


(5) 
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where  terms  of  order 


R‘ 


have  been  neglected. 


Now 
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A  7^  A  A 
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where  £A  is  the  spectral  emissivity  of  platinum  at  wavelength  A  , 
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and  I  A  is  the  biackbody  spactral  radiant  emittance  given  by 


I, 
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5  e‘*/AT-> 
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where  T  is  the  wire  temperature  (°K)  and 

C 1  =  3.  74  x  104 5  watts  p4  cm  ^ 

Cz  =  1.  438  x  104  p  °K 
Combining  Eqs,  (5)  and  (6), 


P.  AX  =  i±±%Le  t 

A  7T  R  2  A  7?  ^  C* 
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(7) 


Figures  9-11  illustrate  the  detector  output  in  millivolts  measured 
as  a  function  of  average  photon  flux  for  the  2.  5  to  3.  1  p,  S,  3  to  9.  2  pm, 
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and  8.  3  to  14 pm  filters.  The  calibration  results  are  representative  of 
the  remaining  filters  and  all  were  found  to  be  linear  with  relatively  small 
deviations  occurring  at  the  low  signal  levels. 

Figure  12  is  typical  of  the  calibration  dpta  obtained  as  part  of  this 
study.  These  particular  results  are  for  the  8.  3  to  9.  2  pm  filter. 

Figure  12{a)  is  the  detector  output  signal  obtained  with  the  platinum  wire 
at  77°K  and  the  remaining  background  also  at  77°K.  Figure  12(b)  is  the 

Q 

signal  received  for  a  wire  temperature  of  590®K  (photon  flux  of  2.  1  x  10 
photons/sec)  and  Figure.  12(c)  is  a  corresponding  oscilloscope  data  record 

Q 

for  a  wire  temperature  of  736  °K  (photon  flux  of  2.  9  x  10  photons /sec). 

The  radiant  flux  recorded  is  shown  to  remain  nearly  constant  for  at  least 
15  millisec.  indicating  that  conduction  cooling  does  not  significantly 
influence  the  calibration  results.  For  a  given  wire  resistance  (or  temper¬ 
ature)  the  calibration  results  were  independent  of  whether  the  wire  was 
being  heated  or  cooled. 

2.  3  Measurement  of  Injected-Gas  Flow  Rates 

The  number  of  target  molecules,  nz  ,  entering  the  path  of  the 
incident  stream  and  the  velocity,  V2  ,  of  these  target  molecules  must  be 
known  in  order  to  deduce  values  of  <T%  /  T  from  the  experimental  results. 
Section  3  provides  a  complete  description  of  the  data  reduction  procedure 
and  the  importance  of  tl.^se  parameters  can  be  found  in  that  section.  The 
purpose  of  this  discussion  is  to  describe  the  experimental  techniques  used 
to  obtain  the  values  appropriate  to  these  experiments. 

In  order  to  determine  the  H20  ,  C02  or  NH^  particle  density  and 
time  history,  an  ionizer  built  in  the  form  of  a  cube  was  placed  flush  with 
the  plate  surface  at  the  outlet  of  the  injector.  The  opening  into  the  ionizer 
was  just  slightly  larger  in  diameter  than  the  injector  outlet.  A  beam  of 
80  e.  v.  electrons  was  established  in  the  ionizer  and  the  injector  was 
operated.  This  permitted  the  target  gas  to  flow  and  the  collected  ion  and 
electron  currents  were  monitored  on  an  oscilloscope.  Figure  13  is  typical 
of  the  results  obtained  for  H20  ,  CC>2  .  and  NHj  injection.  The  time  at 
which  the  N2  arrives  at  the  injector  location  for  the  5.  8  Km/sec 


CALIBRATION  DATA  FOR  H,Of  COo,  AND  NHo  BEAMS 
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experiments  is  shown  on  these  data  records.  For  the  lower  velocity 

experiments  the  arrival  of  incident  stream  particles  will  occur  at  a  later  time. 

In  order  to  convert  the  measured  ion  current  to  particle  densityj  the  ionizer  was 

filled  with  a  known  density  of  air  molecules  and  the  current  measured.  Knowing 
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the  ionization  cross  sections”’  ‘  as  a  function  of  electron  energy  for  all  of 
the  species  involved,  the  and  NH^  particle  densities  were 

determined  at  the  location  (  out X  )  where  (a.)  is  the  distance  between  the 
x-axis  and  the  plate  surface  and  (Jt)  is  the  ionizer  length.  The  inverse 
square  law  can  .hen  be  used  to  determine  the  particle  density  at  the  plate 
surface  using  a  straightforward  calculation. 

The  velocity  of  the  target  molecules,  V z  ,  was  calculated  from 
the  expression  Vt  »  f  w^ere  &<>  is  the  speed  of  sound  in  the 
injector  reservoir.  In  order  to  ascertain  0Lo  it  was  necessary  to  measure 
the  temperature  of  the  gas  in  the  injector  when  the  plates  were  cooled  to 
liquid  nitrogen  temperature.  To  make  this  measurement,  a  platinum  wire 
0.  0001  inch  in  diameter  by  0.  10  inch  in  length  was  supported  between  two 
needles  and  placed  in  the  injector  chamber.  The  temperature  coefficient 
of  resistivity  of  platinum  is  well  known  but  was  independently  checked 
(from  room  temperature  to  77° K).  By  measuring  the  wire  resistance  at 
room  temperature  and  after  the  plates  had  reached  a  steady-state  tempera¬ 
ture,  it  was  possible  to  infer  the  injector  gas  temperature  and  thus  d0  . 

The  temperature  of  H^O  vapor  was  found  to  be  343°K  (higher  than  either 
the  CO^  or  NH^  vapor  temperature  because  hot  water  was  circulated 
through  the  injector  jacket  for  the  H^O  experiments  but  not  for  the  CO^ 
or  NHj  experiments),  the  temperature  of  the  CO^  vapor  was  found  to  be 
217°K  and  for  the  NH^  vapor  the  measured  temperature  was  215°K.  The 
appropriate  values  of  the  specific  heat  ratio  were  taken  from  Ref.  8  for 
HgO  and  CO^  and  from  Ref.  9  for  NH^  . 
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3.  ELEMENTARY  THEORY  OF  THE  INFRARED  MEASUREMENTS 


The  theory  of  the  infrared  measurements  reported  here  is  based  on 
the  approximation  that  the  excited  target  molecules,  whose  radiation  was 
observed,  traveled  from  their  point  of  excitation  parallel  to  the  x-axis  at 
the  center-of-mass  velocity,  v%  .  It  is  assumed  that  the  lifetime,  t  , 
of  any  participating  state  is  long  compared  v/ith  the  transit  time  to,  and 
through,  the  field  of  view.  A  cross  section.  O' *  ,  is  assigned  to  each 

excitation  of  interest. 

The  schematic  of  the  experiment  is  shown  in  Figure  1.  The  x-axis 
lies  a  distance  (a.)  below  the  surface  of  the  lower  plate,  and  passes  through 
the  effective  origin  of  the  target-gas  stream  and  through  the  apex  of  the 
field  of  view,  both  of  which  are  conical  with  the  same  apex  angle,  6 

The  target  stream  is  attenuated  by  collisions  with  the  high-speed 
»  O  or  Ar  stream,  and  essentially  vanishes  before  reaching  the  upper 
plate.  These  collisions  are  primarily  elastic,  involving  the  normal  gas- 
dynamic  cross  section,  <T„  .  It  is  tacitly  assumed  that  the  cross  sections 

for  exciting  the  states  of  interest  in  these  experiments.  O'  *  ,  are  at 

least  an  order  of  magnitude  smaller  than  the  gas-dynamic  cross  section. 

Thus  the  production  of  excited  states  does  not  affect  the  distribution  of 
target  molecules. 

The  number  of  target  molecules  entering  the  slice  of  the  cone 
between  y  and  +  is  y/‘z  (y)  per  second.  The  probability  that  a 
target  molecule  will  suffer  an  elastic  collision  in  crossing  d  ^  is  obtained 
by  considering  the  distance  it  travels  through  the  high-speed  stream, 
which,  taking  the  relative  velocity  to  be  approximately  that  of  the  N^ 
stream,  V1  ,  is 

v,  i 

n  O'.  • —  oL  q 

'  1 

where  the  density  of  N^  molecules,  rt,  ,  is  taken  to  be  constant.  This 
was  approximately  true  because  it  was  a  condition  of  the  experiment  that 
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the  target  stream  should  not  create  a  shock  in  the  incident  »  and  con¬ 
sequently  the  probability  of  collision  for  an  molecule  was  kept  low, 
having  a  maximum  at  the  lower  plate  of  about  1/4. 

The  loss  of  target  molecules  in  cL  u  is  thus  given  by 


-  d  ysz  (y)  =  nt  cra 


and  since  collisions  start  at 
integrating  from  Lj  =  0.  , 
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tj; 

-  n,  <r  — - 
1  v. 
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a  ,  the  total  target  flux  is  obtained  by 


Hence 
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where 
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The  molecules  which  undergo  elastic  collisions,  upon  striking 
either  plate,  will  essentially  be  removed  for  the  duration  of  the  experiment 
either  by  freezing  or  by  becoming  accommodated  to  the  wall  temperature, 
approximately  77°K.  Those  which  undergo  collisions  resulting  in  excita¬ 
tions  of  interest  in  these  experiments  will  travel  from  their  point  of 
excitation,  parallel  to  the  x-axi3,  and  pass  through  the  field  of  view  of  the 
detector  at  the  same  height,  ,  above  the  lower  plate.  The  probability 

of  radiating  in  the  field  of  view  is  proportional  to  the  time  of  flight  through 
the  core  and  therefore  depends  on  the  coordinate  ^  as  shown  in  Figure 
14.  Thus  it  is  necessary  to  calculate  the  flux  of  excited  states  as  a  func¬ 
tion  of  both  m  and  2.  . 

Writing  for  the  flux  of  excited  molecules  passing 

through  a  plane  normal  to  the  x-axis  between  the  target-stream  cone  and 
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the  field  of  view,  the  production  of  excited  molecules  can  be  related  to 

).  Since  the  density,  ,  of  has  been  assumed  constant, 

the  distribution  of  target  molecules  is  uniform  over  the  section  of  the  first 
cone  at  any  height  .  (Strictly  speaking  this  should  be  over  the 
spherical  cap  at  constant  distance  from  the  apex,  but  the  angle  &  will 
be  assumed  small  enough  to  justify  the  above  approximation. ) 


Thus  the  number  of  excited  molecules  produced  per  second  in  a 
small  element,  dx  dij  d^.  ,  of  the  target  cone  is  the  product  of  two  terms, 
namely  the  probability  of  excitation  in  traversing  cL  (which  is  just  the 
probability  of  collision  with  replaced  by  the  excitation  cross  section, 

tr*  )  and  the  flux  of  target  molecules  through  cLx  du  .  This  product  is 


n.<r*  “ 


cL  %  dy,  d 


(6/2) 


The  flux  emanating  from  the  prism,  shown  in  Figure  14,  in  the 
target  cone  is  thus 


v, 

n.  — 

1  V, 


n  ta*>z  (0/a) 


z  Vp  (9/2)  -  j2' 
(10) 


Each  such  excited  molecule  is  exposed  to  the  field  of  view  of  the 
detector  for  a  distance  of  a  ta*>?  (B/z)  ~  '  at.  the  center-of-mass 

velocity,  V*  .  Thus  the  probability  of  radiating  in  the  field  of  view  is 

(e/a)  -  p* 
v*  x 

where  the  lifetime,  V  »  is  such  that  this  probability  is  *■<  l  , 

Hence  the  total  radiation  emanating  from  the  corresponding  prism 
in  the  field  of  view  is 


dux  = 


2  «.  0*  u; 


n  v. 


i 


tom' 


( e/a)  L* 


r 


(en)-f 


dli  d) 


(ii) 
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The  fraction  of  the  radiation  which  actually  enters  the  detector 
area,  Rj  ,  is 
Rj 


47T 


where  again  the  approximation  that  the  distance  to  the  apex  is  ^  has 
been  made. 

Hence  the  total  photon  flux  into  the  detector  is  given  by 

^  taoi  ( Q/z  ) 

°  f  %  (h) 


uS  ~ 


a.  o 


2  77  *  14 T  ir2  if  to**  C &/z) 

R<j  n.  cr*  u, 


to*?  (6/z)  -  o d 


TZv%T  <fz  fa* 2  (6/2) 


r* 

tanZ(9/z)  tcm3  (6/2) 

/  K<y 

CL 

L  $  2li  J 

■t 


/L  n.  <r*  v.  + 

— - — -  4-  1fan($/z) 

n  v  z  vz  ? 


a. 


i 


oL 


i 


(12) 
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It  is  consistent  to  make  the  approximation  that  tow.  -j-  %  —  ,  and 
since  1{fz  (tp  S  Q  for  ij  £  A  ,  Eq.  (12)  can  be  written 

„  2Rj  e  n,  v,  ^  r 


OJ  = 


3  7T  V*  tfj 


i 


cL 


(13) 


where  the  dependence  of  the  number  of  photons  per  second,  ur  ,  on  the 
ratio  <T*  /  X  is  shown  explicitly. 

Substituting  from  Eq.  (8)  for  1^2  (ij)  ,  the  number  of  photons  per 
second  entering  the  detector  is  given  by 


UJ  = 


2  Rd  e  n,  xr,  (  <r* 


371  V4  ^ 


(¥0r. 


(a)  e 


H/tJ 


_  JL 

±  e  1  du 

1  r 


(14) 
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Putting  jf  =  ^  ,  Eq.  (14)  can  be  written  in  terms  of  a  tabulated 

integral 


or  = 


3  71  V, 


*1*1 


l 


-*  .  r 
e  ci  f 


(15) 


The  total  flux  of  target  molecules  at  the  surface  of  the  lower  plate,  Vg  C<8*?  * 
can  be  expressed  in  terms  of  the  probability,  P  ,  that  an  molecule 
will  collide  with  a  target  molecule  in  traversing  the  maximum  path  length 
(diameter)  in  the  target  stream  at  ij  =  ft  .  Writing  M2  (^)  for  the  den¬ 
sity  of  target  molecules,  to  an  approximation  consistent  with  Eq.  (15), 
can  be  expressed  as 


-p-  =  2  ft  tow  (0 /a)  rt.,  (ft) 

Oo 


(16) 


And  since 


■p  *>  tc  CLd  ta*z  (&/z)  irt  vz(a.) 


(17) 


this  becomes 


V*  (*> 


7T  ft  /  p 


(■£)  ** 


(18) 


Finally,  to  the  same  approximation  as  Eq,  (15),  the  total  number  of 
photons  per  second  entering  the  detector  is  given  by 


UJ 


6zn,  v,  d  fP_\  /£*\  */'I 

4»7rir*  ( <To /  \  ^  / 


09 


-c 


V  r\ 


d  §  (19) 


which,  when  multiplied  by  the  energy  per  photon  becomes  the  wattage  into 
the  detector  attributable  to  the  excitation  corresponding  to  (T* 
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The  integral  in  Eq.  (19)  is  plotted  in  Figur ;  15. 

The  values  pertaining  to  the  actual  experiments  are  given  below. 


a 

= 

2.  54  cm 

*4 

= 

0,  0625  cm2 

"i 

= 

2.  75  x  10*4  cm  3  for  5.  8  Km/sec 

N2  stream 

- 

1.86  x  1U^4  cm  3  for  4.3  Km/ sec 

0  stream 

- 

- = 

1.35  x  10 14  cm  3  for  5.4  Km/ sec 

Argon  stream 

>Va) 

= 

2.  25  x  1014cm  3  (for  H20) 

: 

= 

3.  9xl014  cm”3  (for  CC>2) 

= 

2.  36  x  1014cm"3  (for  NH^) 

P 

(T0 

= 

0.  31  x  1015  cm'2  (for  H20) 

= 

0.  53  x  1015  cm  2  (for  COz) 

15-2 

0.  32  X  10  cm  (for  NH^) 

V. 

= 

5.  8  x  103  cm/sec  (for  N2-H20, 

N2  -  C02  ,  and 

= 

5 

4 . 3  x  10  cm/  sec  (for  0  -  R20) 

= 

5 

5.4x10  cm/ sec  (forAr~H20) 

VZ 

•= 

c 

1.  13  x  10  cm/sec  (for  H2Q) 

= 

4 

5.  4  x  10  cm/sec  (for  C02) 

= 

4 

9.  43  x  10  cm/ sec  (for  NH^) 

v* 

= 

5 

3.53x10  cm/sec  (for  N2  -  HzO) 

= 

c 

2.  26  x  10  cm/ sec  (for  N?  -  CO,) 

C*  L, 

= 

C 

3.61x10  cm/sec  (for  N,  -  NH,) 

= 

5 

2.02x10  cm/ sec  (forO-H-,0) 

L/ 

. 

= 

5 

3.70x10  cm/ sec  (forAr-H20) 

Q 

“ 

30°  or  0.  524  radians 

N2  -  nh3) 
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VALUES  OF  THE  INTEGRAL  OCCURRING  IN  EQUATIONS 


<T0  =  3.22  xlO"15  for  N2-H20 
=  4.54  x  10'15  for  N2-C02 
=  1.7  x  10" 15  for  N2-NH3 
=  2.7  x  10“15  for  O  -H20 
'=  2.5  x  10"15  for  Ar-H20 

With  these  values,  Eq.  (19)  can  be  used  to  express  the  experimental 
capability  of  measuring  £T*  /  t  in  terms  of  the  resolution  of  the 
detector. 

Ol/r  =  3.842  x  10  (or)  (for  N,  -  H00) 

c,  C 

=  4.036  x  10"26  (  or  )  (for  N£  -  C02) 

=  2.710  x  10“26  (  ur  )  (for  N->  -  NH^) 

=  2.012x10 -26(w)  (for  0-H20) 

=  3.640  x  10  ( or  )  (for  Ar-H20) 

where  uT  is  in  photons  sec  * , 


The  possibility  of  multiple  collisions,  which  result  in  deexcitation 
of  excited  molecules,  was  a  design  consideration.  This  consideration 
leads  to  one  of  the  design  problems  of  the  experiment  which  concerned  the 
spacing  of  the  target  source  and  the  detector.  When  operating  with  H20 
the  source  is  water-jacketed  at  100®F  whereas  the  detector  is  at  about 
5°K  and  shielded  at  about  77°K.  Therefore,  adequate  separation  is  neces¬ 
sary  for  thermal  isolation.  Also,  in  the  flow  between  the  plates,  the  cones 
of  the  target  stream  and  of  the  field  of  view  of  the  detector  should  not 
overlap  up  to  a  height  beyond  which  essentially  no  excited  states  are  pro¬ 
duced.  However,  once  a  target  molecule  is  highly  excited,  it  moves  with 


I 

& 


i 

t 

& 


£ 

W- 


...Ji 


the  N-,  stream  at  a  velocity  (  v1  -  Vx  )  and  its  mean  fyee  path  in  the  N2 
stream  must  be  sufficient  to  ensure  that  collisional  deexcitation  will  not 
interfere  with  the  experiment.  Thus  the  experiment  was  designed  so  that 
an  excited  molecule  would  have,  on  the  average,  about  one  collision  before 
entering  the  detector  field  of  view.  The  probability  of  deexcitation  in  a 
single  collision  is  negligibly  smalll 


The  probability  of  the  newly  created  excited  particle  undergoing  a 
collision  with  a  particle  can  be  estimated  on  the  basis  of  a  typical 
gas -dynamic  collision  cross  section,  G~0  .  In  traveling  between  position 

X,  where  the  excited  particle  is  formed  to  position  %z  where  it  would 
radiate  in  the  FOV  of  the  detector,  the  probability  of  it  striking  a 
particle  is  given  by 


*2" 


(V  -  ir# )  n,  <rc 


The  collision  between  the  excited  particle  and  a  molecule  is  a 
much  lower  energy  collision  than  the  initial  collision  between  a  particle 
and  a  target  gas  molecule.  The  distance  between  the  centerline  of  the 


FOV  of  the  target  gas, 
x 


x,  ,  and  the  centerline  of  the  FOV  of  the  detector, 


*  ,  was  approximately  3.  7  cm  for  our  experiments.  Thus  if  we  assume 

-15  2 

a  gas-dynamic  collision  cross  section,  cs^  ,  equal  to  10  cm  ,  then 


we  can  then  estimate  the  probability  of  the  excited  target  molecule  under¬ 
going  a  single  collision  with  a  N-,  particle  in  traveling  the  di  stance  x2-  X? 


as  follows: 


For  H20 


For  CO. 


V* 
-  X 


17* 


For  NH. 


( 


*2"  *. 


9  tft 

1  ,  r>i 

- 

=  0.65 

- 

=  1.6 

j  (v. 

_  X  Hi 

-  V*) - 

OS 

=  0.  62 

It  thus  appears  that  a  negligible  fraction  of  the  excited  target  beam 
particles  were  deexcited  prior  to  entering  the  FOV  of  the  detector. 
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4.  METHOD  OF  DATA  ANALYSIS 


Analysis  of  the  data  to  determine  the  cross  section  for  excitation 
has  required  an  unfolding  of  the  collieional  excitation  and  radiative  emis¬ 
sion  processes.  For  shortwave  vibrational  transitions  most  of  the  emission 
occurs  in  a  relatively  small  spectral  range,  and  can  be  clearly  identified 
as  radiation  from  a  specific  excited  vibrational  state.  The  cross  section 
for  excitation  of  this  state  can  then  be  determined  by  multiplying  the 
experimental  value  of  £T*  /  X  by  the  known  radiative  lifetime  for  the 
transition.  In  this  way  the  cross  section  for  (000-010)  at  6.  3  pm  and 

NHg  (  )  at  10.  7  pm  were  determined.  For  the  other  transitions,  how¬ 

ever,  where  the  observed  radiation  originates  from  a  broad  range  of 
energy  levels,  or  where  only  a  portion  of  the  band  was  observed  (as  with 
CO2  ),  a  somewhat  more  detailed  analysis  is  required.  This  analysis  was 
applied  to  the  pure  rotational  spectrum  of  water,  but  has  not  been  com¬ 
pleted  for  the  CC>2  transitions.  Thus  partial  cross  sections  are  supplied 
for  these  excitations. 


4.  1  General  Formulation 


The  cross  section  for  excitation  to  the  v  ,  R  vibrational - 
rotational  state  is  taken  as 


K  PH 


(20) 


where  Pv  is  a  probability  of  excitation  of  a  given  vibrational  state 
and  the  probability  of  excitation  of  a  given  rotational  state.  For 

excitation  to  any  given  vibrational  state  V  ,  the  cross  section  is 


-  r.  Pr£P,  -  r. 


(21) 


where  is  normalized  so  that 


Z  -  1 


eM 


(22) 
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The  intensity  of  the  radiation  that  is  observed  immediately  after  colli  - 
sional  excitation  io  proportional  to  the  ratio  of  the  excitation  cross  s action 
to  the  radiative  lifetime,  as  previously  discussed.  Thus  the  parameter 
that  can  be  measured  for  any  transition  ^  is 


flj 


where  a  ~r~: 

t 


is  the  Einstein  coefficient  for  spontaneous  emission, 


and  T  j  is  the  lifetime  for  transition  •£.  ,  originating  from  level  V  R  . 

Combining  Eqs.  (21)  and  (23)  for  pure  vibrational  transitions  permits  the 
simple  data  reduction  discussed  above.  In  general,  however,  the  filters 
employed  transmit  many  spectral  lines  originating  from  considerably 
different  energies,  so  that  for  each  filter  the  observed  radiation  is  propor¬ 


tional  to  the  sum  of  all  the  terms  with  values  of  within  the 


passband.  Then  for  each  filter  ■f 


Y lf)  '  £  ‘  IWt) 

Z  jtf)  1  j(t)  * 


T'r)  ■ 


where  ^  (f)  indicates  ail  the  spectral  lines  ^  passed  by  filter  f  .  In 


these  comparisons  the  kinetic  cross  section,  (T o  ,  has  been  taken  equal 
to  11.  5  x  10  ^  cm^,  consistent  with  the  value  used  by  Kolb,  et  al.  ^  The 


radiative  transition  probabilities  R'^  have  been  taken  from  sources 
referenced  below.  It  is  the  purpose  of  the  experiments  to  determine  values 
of  Pv  and  consistent  with  these  assumptions. 


Because  of  the  large  number  of  energy  levels  to  which  transitions 
can  occur  compared  with  the  relatively  few  passbands  in  which  observations 
are  made,  it  is  necessary  to  make  some  assumption  about  the  values  of 
P ^  and  Pv  ,  and  then  adjust  these  assumptions  to  obtain  a  consistent 


comparison:  with,  the  data.  To  accomplish,  this*  P*  is  taken,  to  depend 

only  on  the  ratio  of  the  energy  of  the  rotational  state  to  the  center -of -mass 


energy  of  the  collision.  The  energy  dependence  that,  is  utilized  is  the 
calculated  values  obtained  by  Kolb  et  al.  ^  for  an  impulsive  rigid-rotor 


classical  model  of  H^O  collisions  with  cxygen  atoms.  These  values  are 
shown  in  Figure  16,  and  are  applied  to  the  5.  8  Km)  sec  collision  of  Ng  and 
H^O  ,  where  the  value  of  £CM  is  15„  400  cm,  or  1.  9  ev.  With  this  model 
the  probability  of  excitation  into  an  energy  range  E  to.  E  +  A  £  is 
equal  to  — so  that  P  ( -J- — )  is  normalized  by  the  relation 

J  P  { *£ — ")  *  J  •  In  the  present  usage  the  probability  of  excita- 

0  *  a 

tion  into  an  energy  level  j.  is  equal  to  rK-  so  that:  the  normalization 
Imo*  .  t. 

relation  is  Z  PR .  ~1  »  where  ju  represents  the  i  •  energy  level 


and  J, , 


is  the  total  number  of  rotational  levels  considered.  Thus 


Kolb  et  al.  values  are  related  to  those  used  here  by 


C  PIE) 


where  C  is  a  single  proportionately  constant  determined  from 

Z  Pfi  x  1  .  (Since  the  energy  levels  are  distributed  with  reasonably 
X- 1  A  ~ 

constant  dexisity  in  the  energy  range  of  interest*  C  is  approximately 

given  by  C  ~  1  /+Mex  <  ) 


4.  2 


The  pure  rotational  spectrum  of  H^O  extends  over  the  entire  8-14pm 
infrared  region  of  interest,  but  the  shorter  wavelength  radiation  originates 
only  from  transitions  between  higher  energy  states.  The  energies  of  the 


rotational  states  and  the  wavelength  anti  intensities  of  the  transitions 

_ 1  -  -  —  1 .  !  ~  ‘ £ .1 _ S. _ _ _ 1  *..l  _  .  -  J  1 .1 _ 


which  originate  from  them  have  been  calculated  by  Maki  and  these  calcu¬ 
lations  have  been  used  in  the  present  data  reduction.  There  are  2  J  +  ) 
energy  states  for  each  value  of  the  rotational  quantum  number  J  ,  and 
their  energies  are  spread  between  the  limiting  curves  shown  in  Figure  17. 
These  curves  can  be  fit  roughly  to  the  form  £  *  BJ(J  +  l)  ,  where 


8.  a  24  cm’*  for  the  upper  curve  {  K*a  J  )  and  9.  8  cm  *  for  the  lower 
curve  (  K~~  J  ).  Since  transitions  have  AJ  a  1  ,  the  wave  number  of 
the  radiation  that  can  be  expected  would  vary  roughly  as  X>  a  2  B  J 
This  would  imply,  for  example,  that  to  obtain  radiation  of  14 jam  wave¬ 
length  or  shorter  {  V  700  cm’1)  would  require  excitation  to  energy 
levels  of  J  16  on  the  upper  curve,  or  energies  >5000  cm 
Detailed  inspection  of  Maki's  calculated  data  show  that  this  is  the  case,  as 
illustrated  in  Figure  13.  In  this  figure,  the  Einstein  ft  coefficients  have 
been  summed  for  the  transitions  in  the  interval  8.  32  <  A  <  14  pm  and  the 
results  plotted  for  770  cm-1  intervals  of  the  upper  energy  state.  It  can  be 
seen  that  very  little  radiation  originates  from  energy  levels  below  about 
5000  cm"1 .  At  high  energy  levels  the  calculation  becomes  inaccurate; 
above  about  13,000  cm"1  some  of  the  levels  are  not  included.  Fortunately 
at  these  high  energies  the  probability  of  excitation  is  small,  as  shown  in 
Figure  16.  Thus  the  product  of  the  curves  in  Figures  16  and  18,  which 
supplies  the  radiation  term  in  Eq.  (21),  decreases  at  nigh  energy  and  it  i3 
not  required  to  have  an  accurate  value. 
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SUMMED  EINSTEIN  TRANSITION  PROBABILITIES  FOR  STATES  IN  ENERGY 
INTERVALS  CORRESPONDING  TO  THOSE  SHOWN  IN  FIGURE  16,  AND  FOR 
RADIATION  IN  THE  WAVELENGTH  INTERVAL  8.32  14.©  M 


5.  PRESENTATION  OF  EXPERIMENTAL  DATA 


. 


i.^jj 


5.  1 


^2*’^2^  Collisions  at  5.  8  Km/ sec 


The  experimental  results  obtained  for  the  infrared  radiation  from 
HgO  collisidnally  excited  by  ^  at  5.  8  Km/sec  are  given  in  Table  I  for 
all  of  the  wavelength  intervals  studied  in  this  work.  Three  important  com¬ 
ments  can  be  made  about  the  results  appearing  in  this  table.  First,  the 
photon  flux  measured  in  the  absence  of  H^O  injection  for  the  2.  5  to  3.  1  pm 
wavelength  region  was  approximately  equal  to  (6  percent  greater)  that 
measured  with  injection  suggesting  that  the  H-,0  stretching  mode  was  not 
excited.  On  the  basis  of  experience  with  these  measurements  we  feel  that 
10  percent  effects  can  be  resolved  and  that  the  slight  decrease  in  signal 
observed  at  this  wavelength  with  H^O  injection  is  not  significant.  The 

data  reported  in  Table  I  for  this  wavelength  suggest  that  the  value  of 

-17  2  -1 

/  ?  must  be  less  than  3.7  x  10  cm  sec  .  Secondly,  the  magni¬ 
tude  of  O*  /  X  measured  in  the  5.  7  to  7.  5  pm  region  is  relatively  large 


-15  2  -1 

(0.46  x  10  cm  sec  ),  roughly  the  same  as  the  value  measured  over  the 
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entire  8.  3  to  14pm  region  (0.35  x  10  cm  sec  ).  Finally,  the  sum  of 


the  <ST  /  T  values  measured  at  the  8.  3  to  9.  2,  9.  1  to  10.  3,  10.  6  to  11.  6, 

and  11.  1  to  14.  0  pm  wavelength  intervals  is  approximately  equal  to  the 
value  of  a;  /  Z  measured  with  the  8.  3  to  14.  0  pm  filter,  as  would  be 
expected. 


Table  I 


EXPERIMENTAL  RESULTS  FOR  N2  •  H20  AT  5.8  km/sec 


FILTER 

NO  H20  INJECTION 

WITH  Hz0  INJECTION 

SIGNAL  DUE  TO  HjO 

(O. /?>£*!, 

microns 

photons/t«c 

photons/isc 

photon  j/sae 

9  .i 
cm  lec  1 

2.5  TO  3.1 

9.9*  109 

9.3*10® 

<  0.95x10® 

<0.037*  10'15 

6.7  TO  7.6 

1.9  x1010 

3.1  *  1010 

1.2  *1010 

0.46  x  10*16 

8.3  TO  6.2 

1.0*10® 

1.8*10® 

0.9  « 10® 

0.035  *  1016 

0.1  T0 10.3 

1,0*10® 

2.1  *  10® 

1.1  *10® 

0.042  x  10'1B 

10.6  T0 11.6 

2.4  *  10® 

4.8  x  10® 

2.4  x  10® 

0.092  *  101B 

11.1  T0 14.0 

1.5  *1010 

1,8*  101D 

4,0  *  10® 

0,15  *  10*1B 

^3  TO  14.0 

5.7  x  10® 

1,6  x  1010 

0.9  x1010 

0.35  *  10‘19 
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Figure  19  is  typical  of  the  data  obtained  in  these  experiments. 

Figure  19(a)  illustrates  the  detector-output  history  measured  in  the  10.  6 
to  11.  6  pm  wavelength  region  in  the  absence  of  injection.  The  test 

time  is  shown  to  be  on  the  order  of  lOOpsec,  consistent  with  the  results^ 
presented  in  Section  2,  and  the  photon  flux  is  relatively  uniform  during 
this  time  period.  Figure  19(b)  was  obtained  for  the  same  velocity  but 
in  this  experiment  H-,0  was  injected  as  a  target  gas.  The  photon  flux 
measured  during  the  test  flow  was  almost  a  factor  of  two  greater  than  that 
measured  in  the  absence  of  H^O  injection. 

Figure  19(c)  is  an  oscilloscope  record  from  a  different  "no 
injection"  experiment,  but  this  oscilloscope  was  triggered  by  a  heat- 
transfer  gauge  located  20  inches  downstream  from  the  driver-tube  dia¬ 
phragm  and  the  scope  sweep  speed  was  500psec/cm  instead  of  lOOpsec/cm 
as  used  on  Figures  19(a),  (b)  and  (d).  The  reason  for  showing  this  record 
is  to  illustrate  that  when  the  incident -shock  reflects  from  the  driven-tube 
end  wall,  creating  the  reservoir  of  high-enthalpy  particles,  the  detector 
does  not  receive  a  signal  from  the  shock  tube  that  could  potentially  influence 
the  results. 

To  be  sure  that  the  increased  signal  observed  when  PL»0  was 
injected  could  in  fact  be  attributed  to  the  N^-H^O  interaction,  several 
experiments  were  performed  in  which  argon  was  injected  instead  of  H^O  . 
Figure  19(d)  illustrates  that  when  argon  was  injected  the  recorded  detector 
output  was  found  to  be  nearly  identical  to  the  signal  received  in  the 
absence  of  injection. 

Figure  20  is  another  illustration  of  the  experimental  data  obtained 

with  and  without  H^O  injection.  These  particular  oscilloscope  records 

were  obtained  using  the  8.  3  to  14.  0  pm  filter.  Figure  20(a)  illustrates  that 

9 

the  photon  flux  measured  in  the  absence  of  HgO  injection  was  6.0  x  10 
ph/sec.  as  compared  to  the  value  of  1.6  x  10^  ph/sec  shown  in  Figure  20(b) 
which  was  measured  with  H^O  injection.  These  results  are  included  in 
the  data  summary  presented  in  Table  I  ana,  as  indicated  there,  result  in 
a  value  of  (T*  /  X  equal  to  0.35  x  10  cm  sec  for  this  wavelength 
region. 
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5.  2  N^-CO^  Collisions  at  5.  8  Km/sec 


The  experimental  results  obtained  for  the  infrared  radiation  from 
COz  collisionally  excited  by  N2  at  5.  8  Km/ sec  are  given  in  Table  II  for 
all  of  the  wavelength  intervals  studied  in  this  work.  One  additional  filter 
appears  in  this  table  (4.  28  to  4.  34  pm)  that  was  not  used  in  the  N2~H20 
work.  In  addition,  the  5.  7  to  7.  5  pm  and  the  11.  1  to  14.  Opm  filters  were 


not  used  in  the  N2~C02  studies.  It  was  difficult  to  excite  the  4.  28  to 


4.  34  pm  mode  as  illustrated  by  the  oscilloscope  records  presented  in 

Figur  21.  The  signal  received  by  the  detector  with  C C>2  injection  was 

approximately  15  percent  greater  than  that  received  without  injection.  For 

the  wavelength  intervals  8.  3  to  9.  2  pm,  9.  I  to  10.  3  pm,  and  8.  3  to  14.  0  pm 

the  signals  recorded  with  injection  were  considerably  greater  than  the 

* 

background  signals.  However,  in  the  10.  6  to  11.  6  pm  region  the  signals 
recorded  with  injection  of  CC>2  were  less  than  10  percent  greater  than 
those  recorded  in  the  absence  of  injection  so  that  only  an  upper  limit  of  the 
value  for  (T%  / 't  could  be  determined  at  this  wavelength  interval. 


Table  H 

EXPERIMENTAL  RESULTS  FOR  N2  •  C02  AT  5.8  km/sec 


FILTER 

NO  C02  INJECTION 

WITH  C02  INJECTION 

SIGNAL  DUE  TO  C02 

(0./r)EXP 

microns 

photons/sec 

photons/sec 

nhotons/tec 

cm^  sBc 

4.28  TO  4.34 

7.8  x  108 

9.5  x  108 

0.17  x  109 

0.007  x  10‘15 

8.3  TO  9.2 

1.0  x  109 

1.3  x  109 

0.3  x  109 

0.012  x  10'16 

9.1  T0 10.3 

1.0  x  109 

1.6  x  IQ9 

0.6  x  10® 

0.020  x  10-15 

10.6  T0 11.6 

1.6  xIO9 

1.7  x  109 

0.1  x  109 

0.004  x  10'16 

8.3  T0 14.0 

6.7  x109 

1.6  x  1010 

1.0  x  1010 

0.40  x  10-15 

5.  3  n2-NH3  Collisions  at  5.  8  Km/ sec 


Table  III  presents  a  summary  of  the  values  for  (T^  /t  obtained 
for  N2  particles  at  5.  8  Km/sec  interacting  v/ith  NH^  .  The  three  wave¬ 
length  intervals  that  were  studied  for  this  combination  of  gases  were  8.  3 
to  9.  2  pm,  10.  6  to  1 1.  6  pm,  and  8.  3  to  14.  0  pm.  Even  though  all  of  the 
available  filters  were  not  used  in  this  study,  the  results  presented  in 
Table  III  suggest  that  the  value  of  O'*  /  X  measured  for  the  8.  3  to  14.  0  pm 
wavelength  region  is  consistent  with  the  values  measured  in  the  two  inter¬ 
mediate  wavelength  intervals. 


CJ  WiTH  NHg  INJECTION 

Figure  22  OSCILLOSCOPE  RECORDS  OBTAINED  FOR  8.3  TO  9.2  MICRON  FILTER  FOR 
5.8  KM/SEC  N?  PARTICLES 


TsbleHL 

EXPERIMENTAL  RESULTS  FOR  N2  -  NH3  AT  5.8  km/sec 


FILTER 

NO  nh3  INJECTION 

WITH  NH3  INJECTION 

SIGNAL  DUE  TO  NH3 

«  °*^>EXP 

microns 

photons/sec 

photons/wc 

photons/sec 

2  -1 
cm  sec 

8.3  TO  9.2 

1.0  x  109 

3.9  x  109 

2.9  x  109 

0.079  x  10'15 

10.6  TO  11.6 

1.6  x  109 

6.6  x  109 

5.0  x  109 

0.14  x  10'15 

8.3  TO  14.0 

5.7  x  109 

2.5  x  1010 

1.9  x  1010 

0.51  x  10'15 

Figure  22  illustrates  the  characteristics  of  the  oscilloscope  records 
obtained  with  CO^  injection  or  NH^  injection  in  the  8.  3  to  9.  2  pm  wave¬ 


length  region  (note  the  sensitivity  change  on  Figure  22(c)).  The  photon 

g 

flux  recorded  in  the  absence  of  injection  was  approximately  9.  6  x  10  ph/sec 


as  illustrated  by  Figure  22(a).  When  C07  was  injected,  the  photon  flux 

9  ^ 

increased  to  1.  3  x  107  ph/sec  and  the  resulting  CT*  /  T  was  deduced  to 
-15  2-1 

be  0.  0028  x  10  cm  sec  .  However,  when  NH,  was  injected,  the 

q  5 

photon  flux  increased  to  4.  0  x  10'  ph/ sec  and  the  value  of  0~+  /  X  was 

- 1 5  2  - 1 

determined  to  be  0.  045  x  10  cm  sec 


Comparison  of  Tables  I,  II  and  III  suggests  that  the  values  of  ( T%  I X 
measured  at  selected  wavelength  intervals  for  -NH^  collisions  were 
always  greater  than  corresponding  values  measured  for  either  the  N^-H^O 


or  Np-CO^  interactions.  However,  the  N^-CO^  radiation  in  the  11.6  to 


14  pm  (i.  e,  near  the  15  pm  bending  of  CO^  )  is  probably  greater  than  that 


for  H^O  or  NH^  •  It  can  further  be  noted  that  the  values  of  (F#  / T 


measured  at  specified  wavelength  intervals  for  the  N^-H^O  interactions 
were  always  greater  than  corresponding  values  measured  for  N^-CO^ 
interactions. 


The  spectral  nature  of  the  results  is  demonstrated  in  Figures  23 
to  25,  On  each  graph  the  quantity  is  plotted  vs  wavelength,  and 

is  compared  with  the  optical  absorption  coefficient  for  the  target  gas.  The 
shape  of  the  absorption  coefficients  used  were  those  for  300°  gas.  The 


I 


purpose  of  the  comparison  is  to  demonstrate  the  correlation  between  the 
measured  radiation  and  the  spectral  features  of  the  gas,  thus  confirming 
that  the  source  of  radiation  is  the  species  being  introduced  through  the 
target  beam. 

In  Figure  23  the  absorption  of  the  bending  mode  of  water  occurs 
at  6.  3  pm.  The  rotational  spectrum  observed  at  long  wavelength  does 
not  appear  in  the  cold  absorption  spectrum,  since  it  results  from  transi¬ 
tions  between  very  high-energy  levels;  analysis  of  these  transitions  is 
discussed  in  the  following  section.  As  indicated  in  TablelV,  most  of  the 
contribution  from  the  5.  7  to  7.  5  (im  filter  and  some  from  the  8.  3  to  9.  2  pm 
filter  were  used  to  determine  <T*  for  the  010  transition. 

In  Figure  24  the  absorption  curve  of  CC>2  is  shown,  the  prominent 
features  being  the  4.  3  p  asymmetric  stretch  and  the  15  p  bending  mode. 

The  five  measurements  of  (  %/%  )/  AX  are  also  shown.  The  measure¬ 
ment  from  8.  3  to  14  pm,  corrected  for  the  small  contributions  from  8.  3  to 
11.  6,  is  plotted  in  the  region  11.  6  -  14  pm,  It  can  be  inferred  from  these 
figures  that  the  measurement  of  for  both  of  these  bands  supply  only 

partial  measurements  of  0~*  for  the  (001)  and  (010)  excitation  cross 
sections. 

In  Figure  25  the  overall  measurement  of  CQ/'t'  from  8  to  14  pm 
has  been  used  to  normalize  the  scale  of  the  curve.  The  separate  measure¬ 
ments  in  the  spectral  regions  8.  3  -  9.  2  pm  and  10.  6  -  1 1.  6  pm  are  then 
plotted  in  their  spectral  regions  and  it  is  seen  that  they  are  consistent  with 
the  broad-band  measurement.  It  is  expected  that  the  overall  measurement 
from  8  -  14  pm  supplies  a  good  total  cross  section  for  excitation  of  the 
mode. 


50 


WAVELENGTH,  Xifim) 

Figure  23  SPECTRAL  DEPENDENCE  OF  COL  LISIONALLY  INDUCED  RADIATION 
WITH  HoO-N,  AT  5.8  KM/SEC 
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0 
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Rotational  Data  for  ^  -  H^O  Collisions 

The  ratio  of  excitation  cross  section  to  radiative  lifetime  for  the 
pure  rotational  spectrum  of  H^O  was  calculated  as  described  in  Section  4. 

The  numerical  results  obtained  for  ^  (Eq.  (24))  for  each  energy 

interval  and  for  each  filter  is  shown  in  Table  IV.  The  sum  of  these  values 
over  all  energy  intervals  then  supplies  the  value  of  to  compare  with 

experimental  results,  ( 0*MefP).  For  this  comparison,  which  is  shown  in  TablelV, 

- 15  2 

a  value  of  ir;  s  1,0  x  10  cm  was  used  to  reduce  the  experimental  data 
in  order  to  be  consistent  with  the  calculation.  For  this  reason,  the  results 
(  OT/t  )  o f  Table  V  and  those  of  Table  I  are  different.  It  can  be  seen  that  the 
calculated  values  /  X  are  about  50  times  too  large  at  the  long  wave¬ 
lengths,  where  there  should  be  no  interference  from  vibration- rotation 
transitions.  In  the  third  summary  line  of  Table  I  the  calculated  value  is 
shown  reduced  by  a  factor  of  50.  This  brings  the  longer  wavelengths  into 
reasonable  agreement,  and  the  additional  radiation  at  the  short  wavelength 
is  attributable  to  the  010-000  vibrational- rotational  transition.  There  is  an 
unexplained  discrepancy  for  the  10.61  p  -  11.57  p  filter,  where  the  low  cal¬ 
culated  value  reflects  the  unusually  small  number  of  strong  lines  attributed 
to  this  wavelength  region. 

5.5  Vibrational  Data  for  N^-H^O  Collisions 

The  short  wavelength  radiation  at  5.  67  -  7.  45  p  has  been  attributed 
to  the  000-010  vibrational  rotational  transitions.  Using  a  lifetime  of 
X  =4.  5x10  ^  sec,  ^  we  obtain  <r*  -  2.1x10  ^  cm^  .  A  measurement 
in  the  wavelength  interval  2.  5  -  3.  1  p  did  not  yield  a  measurable  signal, 
and  from  this  it  was  concluded  that  the  cross  section  for  the  transition 
000-001  is  less  than  9.3  x  10’ ^  cm\  These  data  are  summarized  in 
Table  V. 


.  ... . ....  .. ‘t -- ifltf 
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Table  3T 

CROSS  SECTIONS  FOR  VIBRATIONAL  EXCITATION  IN  COLLISIONS 

WITH  N2  AT  5.8  km/sec 


— 

AX 

mum 

r 

sec 

(<%/T  )  EXpT. 
cm2  sec'^ 

<r*  (AX) 
cm2 

H20  000-010 

5.7  -  7.5 

4.5  xIO'2 

0.46  x  10'15 

2.0  x  Iff17 

000-001 

2.5  -3.1 

2.5  x  10‘2 

0.037  x  IQ15 

<  9.3  x  10'19 

co2  000-010 

11.6-14 

4.3  xIO'1 

0.36  x  10'15 

1.6  x  10‘16  (partial) 

000-001 

4.28-4.34 

2.2x1  O'3 

0.007  x  10'15 

1.5  x  10'20  (partial) 

nh3  0000-0100 

a3 -14 

6.8x1  O'2 

0.51  x  10'15 

3.5  x  10'17 

5.  6  Vibrational  Data  for  CC>2  and  NH^  Excited  by  N2  Collisions 

A  measurement  of  C02  radiation  with  a  narrow-band  filter  at 

4.  28  -4.  34u  yields  a  partial  cross  section  for  excitation  of  (001)  of  CO-,  of 
-20  2  2 
1«54  x  10  cm  «  This  low  value  is  associated  with  the  narrow  passband, 

as  seen  on  Figure  24.  It  is  expected  that  measurement  of  all  the  radiation 
from  this  band  would  yield  a  cross  section  several  times  larger. 

As  seen  in  Table  II  and  Figure  24,  most  of  the  CC>2  radiation 

measured  in  the  long  wavelength  region  is  contained  in  the  11.  5  to  14.  0  pm 

region.  The  wavelength  of  detector  cut-off  is  nominally  14.  0  pm  at  which 

point  the  sensitivity  has  decreased  to  0.  24  of  maximum  sensitivity.  At 

14.  5  pm  the  sensitivity  has  decreased  to  0.  1  of  the  14.  0  pm  value  and  at 

$ 

14.  75  pm  it  has  decreased  to  0,  05  of  the  14,  0  jam  value.  In  Figure  24  it  is 
seen  that  the  C02  transition  probability  increases  by  a  factor  of  approxi¬ 
mately  5  in  the  14.  0  to  14,  5  jam  interval  and  by  a  factor  of  approximately  10 
in  the  14.  0  to  14.  75  jam  interval.  It  is  probable  that  in  these  experiments  a 
significant  portion  of  the  C02  radiation  in  the  14.  0  to  14.  75  jam  region  was 
received  by  the  detector.  For  this  reason,  a  dotted  line  has  been  used  to 
represent  that  portion  of  the  experimental  result  on  Figure  24  that  extends 
beyond  nominal  detector  cut-off. 


Data  supplied  by  Santa  Barbara  Research  Corporation  for  the  material 
from  which  this  detector  was  cut. 
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The  experimental  determination  of  <Ti  ,  shown  in  Table  V  to  be 
0.16  x  10  cm  ,  would  be  expected  to  represent  a  fraction  of  the  total 
cross  section,  but  it  is  difficult  to  estimate  the  magnitude  of  this  fraction. 

A  recent  calculation  by  R.  Marriott  (unpublished)  gives  a  value  of 
<T*  a  0.155  x  10“  15  cm2  for  collision  at  a  relative  velocity  of  5 .3  Km/ sec. 

The  NHj-N^  measurement  utilized  a  filter  which  passed  8.  3  -  14  p. 
Separate  measurements  were  made  in  the  wavelength  intervals  8.  3  to  9.  2  pm 
and  10.  6  to  11.  6  pm  as  shown  in  Table  III.  It  is  illustrated  on  Figure  24  that 
the  radiation  of  interest  is  centered  at  about  10.  4^xm  so  that  the  measure¬ 
ments  from  8  -  14  p  should  encompass  the  entire  band.  Thus  the  value  of 
0£  =  3.5  x  10“^  should  properly  represent  the  cross  section  for  exciting 
the  V,  mode. 

5.7  O-H^O  Collisions  at  4.3  Km/ sec 

The  experimental  results  obtained  for  the  infrared  radiation  from 
H^O  collisionally  excited  by  O  atoms  at  4.3  Km/ sec  are  given  in  Table  VI 
for  the  wavelength  intervals  2.46  to  3. 13  pm»  5.67  to  7.45  pm  and  11.1  to 
14.0  pm.  It  is  difficult  to  directly  compare  these  results  with  the  -H^O 
results  given  in  Table  I  because  of  the  significant  difference  (4.3  Km/ sec  vs. 

5 . 8  Km/ sec)  in  the  O  and  particle  velocities.  The  reason  that  these 
particle  velocities  are  not  the  same  is  that  helium  instead  of  hydrogen  was 
used  as  the  driver  gas  for  the  O-K^O  experiments  because  it  was  found 
that  the  -  O-,  interaction  in  the  reflected- shock  reservoir  and  in  the 
nozzle  expansion  significantly  complicated  interpretation  of  the  results. 

Table  ¥1 

EXPERIMENTAL  RESULTS  FOR  O  •  H20  AT  4.3  km/sec 


FILTER 

NO  h2o  INJECTION 

WITH  H20  INJECTION 

'  '  ”  '  " 

SIGNAL  DUE  TO  HgO 

(cr  */  f  IgxPT. 

microns 

photons/sec 

photons/sac 

photons/sec 

cm^  sec'^ 

2.48  TO  3.13 

4.4  x  iO9 

6.0  x  IQ9 

1.6  x  109 

0.03  x  10'15 

5.67  TO  7.45 

9,5  x  109 

15.0  x  109 

5.5x10® 

0.11  x  10'15 

11,1  TO  14.0 

5.2  x  109 

9.5  x  109 

4.3  x  109 

0.09  x  IQ’15 

**  Private  Communication:  R.  Marriott,  Research  Institute  for  Engineer¬ 
ing  Sciences,  Wayne  State  Univ.  ,  Detroit,  Michigan. 
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Figure  26  is  typical  of  the  oscilloscope  records  obtained  in  the  oxygen 
experiments.  The  detector -output  history  in  the  absence  of  H20  injection  is 
shown  in  Fig.  4(a)  for  the  2.46  to  3. 13  |xm  filter  and  Fig.  4(b)  illustrates  the 
data  record  obtained  with  H20  injection.  The  test  time  is  marked  on  both  of 
these  records  and  shown  to  be  approximately  !»•..  microseconds  which  is  con¬ 
sistent  with  previous  measurements  mentioned  in  Section  2.  The  photon  flux 

Q 

measured  in  the  absence  of  injection  is  shown  to  be  3.9  x  10  ph/ sec  as 

Q 

compared  to. 6. 6  x  10  ph/sec  with  injection.  The  difference  between  these 

- 15  2  - 1 

signals  is  used  to  compute  a  value  for  6~#  IX  equal  to  0.03  x  10  cm  sec 


5.8  Rotational  Data  for  O-H^O  Collisions 

The  ratio  of  the  excitation  cross  section  to  radiative  lifetime  for  the 
pure  rotational  spectrum  of  H^O  was  calculated  for  the  oxygen  experiments 
using  the  technique  described  in  Section  4.  Numerical  results  similar  to 
those  shown  in  Table  V  were  obtained  for  each  energy  interval  for  the  11.1 
to  14.0  pm  filter.  These  values  were  summed  over  all  energy  intervals  to 
arrive  at  a  value  of  (  o*/r  )CftLC  which  was  approximately  1. 18  times 
greater  than  tire  measured  value  (  <TJ/‘ T  )Bxpt  •  The  agreement  between 
experiment  and  calculation  is  considerably  better  than  was  obtained  for  the 
N2  "^2^  experiments  discussed  in  Section  5.4  but. this  is  not  surprising 
since  the  theoretical  model  was  formulated  for  the  case  of  H^O  collisions 
with  oxygen  atoms . 

5.9  Vibrational  Data  for  G->*20  Collisions 

Table  VU  summarises  the  short-wavelength  radiation  measurements 

obtained  for  the  Q-H20  experiments.  The  2.46  to  3.13  pm  radiation  has 

been  attributed  to  the  000-001  H^O  stretching  mode  and  the  5.67  to  7.45  um 

i*adiation  has  been  attributed  to  the  000-010  bending  mode.  Using  radiative 

-2  -2 

lifetimes  of  2.5  x  10  sec  and  4.5  x  10  sec*  respectively,  the  excitation 

-19  2  -1 

cross  sections  deduced  from  the  experimental  data  are  7.5  x  10  cm  sec 
(2.46  to  3.13  pm)  and  5.0  x  10”*®  cmw  sec”*  (5.67  to  7.45  pm). 


Table  m. 


CROSS  SECTIONS  FOR  VIBRATIONAL  EXCITATION  OFHoOlN  COLLISIONS 

WITH  0  ATOMS  AT  4.3  km/sec 


A  A 

t 

( O’  #/^expt 

a  * ( aA  ) 

microns 

sec 

2  1 
cm  sec' 

cm2 

5.67  T07.4S 

4.5x1 0'2 

0.1,1  x  10'15 

5.0  x  10'18 

2.46  TO  3.13 

2.5  x  10'2 

0.03  x  10'15 

7.5  x  10'19 

5.10  Vibrational  Data  for  Ar-H^O  Collisions 


A  limited  number  of  experiments  were  performed  in  the  5.67  to 
7.45  |j...n  wavelength  interval  using  argcu  at  5.4  Km/ sec  colliding  with  H^Q 
as  the  target  gas.  The  results  of  this  study  are  reported  in  Table  VIH. 


Using  a  radiative  lifetime  of  4.5  x  10"  sec  for  the  H?0  000-010  vibrational 

“  in  ^ 


- 1 8  2 

rotational  transition  gives  an  excitation  cross  section  of  about  Z  x  10 "  cm  . 


Table  Mil 

CROSS  SECTION  FOR  VIBRATIONAL  EXCITATION  OF  H2Q  IN  COLLISIONS 

WITH  ARGON  AT  5.4  km/sac 


FILTER 

NO  h2o  INJECTION 

WITH  H20  INJECTION 

SIGNAL  DUE  TO  HjO 

(o-./rljrxpT 

microns 

photons/sec 

}>hotGrts/$SC 

photons/sec 

2  -1 
cm  sec 

cm2 

5.67  TO  7.45 

6.1  x  109 

7.4  x  109 

1.3  x  tO9 

0.047  x  10'15 

?.1  x  10',B 

I 


6.  CONCLUSIONS 


Measurements  have  been  made  of  the  spectral  infrared  radiative 
properties  of  H^O,  CO^  and  NH^  molecules  that  have  been  involved  in  a 
single  high-energy  collision  with  N^,  O,  or  Argon.  A  pressure-driven 
reflected-shock  tunnel  was  used  to  produce  a  supply  of  molecules  at  5.  8 
Km/ sec,  a  supply  of  O  atoms  at  4.  3  Km/ sec  and  a  supply  of  Argon  atoms  at 
5.4  Km/sec.  Experimental  values  of  excitation  cross  section/ radiative  life¬ 
time  (  <r*  / 'C  )  have  been  obtained  for  the  2.  5  to  3.  1  pm,  5.  7  to  7.  5  pm, 

8.  3  to  9.  2  pm,  9.  1  to  10.  3  pm,  1 0.  6  to  1 1.  6  pm,  1 1.  1  to  14  pm  and  8.  3  to 
14  pm  wavelength  regions  for  N^'H^O  collisions.  For  ^-C.O^  collisions, 
measurements  of  /  X  have  been  obtained  in  the  wavelength  regions 
4,  28  to  4.  34  pm,  8.  3  to  9.  2  pm,  9.  1  to  10.  3  pm,  10.  6  to  11.6  pm,  and 
8.  3  to  14  pm.  Measurements  of  (Tx  /  x  have  also  been  obtained  for 
N^-NH^  collisions  in  the  wavelength  intervals  8.  3  to  9.  2  pm,  10.  6  to  11.  6  pm 
and  8.  3  to  14  pm.  For  O-H^O  collisions,  measurements  of  (T*  /  Z  were 
performed  in  the  wavelength  interval  2.  46  to  3.  13  pm,  5.  7  to  7.  5  pm,  and 
11,1  to  14  pm.  The  experimental  values  of  (T*  /X  are  shown  to  compare 
favor  ably  with  theoretical  calculations  of  the  effective  values  of 
for  radiation  in  the  given  wavelength  intervals. 
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APPENDIX  A 


VIBRATIONAL  DATA  CORRELATION  j 

i 

The  cross  section  for  vibration*!  excitation  as  a  function  of  impact  j 

velocity  can  be  estimated  by  using  collision  theory  in  conjunction  with  f 

5 

measurements  of  vibrational  relaxation.  Collision  theories  yield  that,  for  j 

a  collision  between  molecules  which  have  an  exponentially  repulsive  force,  j 

the  probability  of  transition  in  a  collision  has  the  form  j 


~Kx/v 

P,o  a  K,v  e  (A-l) 

and  the  cross  section  (TJ,  for  this  transition  is 

(A-2) 

where  <T0  is  the  kinetic  cross  section.  When  the  transition  probability 
is  averaged  over  a  Boltzmann  distribution  of  velocities,  an  expression  for 
the  vibrational  relaxation  time  is  obtained,  of  the  form 

/A  OX 

fot  =  Be  <A"3) 


-  Kx/v 

<rk  =  <r6  P10  =  <re  Kt  vz  e 


and  this  relation  has  considerable  experimental  confirmation.  By  follow-  ! 

! 

ing  through  the  derivation  (see,  for  example,  Refs.  13  or  14)  the  constants  j 

in  Eqs.  (2)  and  (3)  can  be  shown  to  be  related  by  j 

j 


The  units  of  have  been  taken  as  atmosphere  sec.  T  is  the  tempera¬ 

ture  in  °K,  H  is  the  Boltzmann  constant,  m  is  the  reduced  mass  of  the 
colliding  molecules,  and  A/  and  T0  are  the  reference  number  density 
and  temperature  associated  with  the  reference  pressure  of  one  atmosphere 
used  in  Eq.  (A-3).  Thus  N0T0  =  8.  067  x  1021  (particles/cm^)  °K  ,  and 

^  9.  117x10^  deg  cm/ sec  ,  where  p  is  the  reduced 

molecular  weight.  Introducing  these  numbers,  Eqs.  (4)  and  (5)  become 


Kz  = 


P5 


(A-6) 


=  3.253  x  JO 


35  J_ 
6 


(£)' 


V2 


AM. 


(A -7) 


and  (2)  is 


OZ  *  3.253  x  70 


-35  j_ 

6 


im* « 


rP3 

—  43fe2 1/— —  /  ir 


(A -8) 


The  constants  P  and  5  can  be  obtained  from  vibrational  relaxation 
data,  in  cases  where  these  are  available.  Otherwise,  estimates  can  be 
obtained  from  the  semi-empirical  correlation  relations  of  Millikan  and 
White.  From  a  comparison  of  13  sets  of  collision  partners,  they  obtain 


r  =  c  }x/z  e 4/3 


(A-9) 


and 


&  =  <2 


-  (0.0/5  V-'MR  +  JS.42; 


(A-10) 


where  #  is  the  characteristic  temperature  to/4  for  the  transition  (in 

-3 

°K)  and  C  is  a  number  close  to  1.  16  x  10  .  Thus  if  the  Millikan  and 
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-a1'  ;ilV'  tsiif ' : 


SrffOWWSWns.  -  • 


White  correlations  are  used,  Eqs.  (6)  and  (7)  become 


1/4  2. 

Kz  =  0.14b  {X  6 


(A  - 1 1 } 


-23  3/4  -2  J-74X/0  rpt3/4  0  4/3 

K1  -  8 .  ZZ  &  x  10  jj.  Q  e 


(A-12) 


and  Eq.  (2)  is 


-23  V4.  -2  ?-74  x  jo'V  3/4  &  4/3 

0;  »  3.222*  10  3  ^  0  e 


2 

tr  e 


-  (0.1  <Hi>fj-l/+9z)/ if 


(A -13) 


With  (a  in  molecular  weight  units,  £  in  “K  and  V  in  cm/sec,  the  cross 


section  C~0  is  in  cm  .  The  value  of  Pv  to  be  associated  with  vibra¬ 


tional  excitation  in  Eq.  (21)  is  then  cr^  /  (T0 


Values  of  the  quantities  in  Eqs.  (A-9)  to  (A-13)  are  given  in  Table  A-I 
for  the  collisions  of  interest  here. 


16 


Experimental  results  of  Simpson  and  Chandler  (also  see  Ref.  17) 

-*l/3  ~8 

give,  for  N?-CO-,  vibrational  relaxation,  A  -  38"K  ,  B  =5x10 

c  L  -17 

atm  sec.  These  values,  when  used  in  Eq.  (A-8),  give  o;  =  4.  0  x  10 


2  5 

cm  for  IT  =  5.  8  x  10  cm/sec. 
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LIST  OF  SYMBOLS 


A  y  coordinate  of  the  lower  flat  plate 

f\ j  area  of  infrared  detector 

Einstein  coefficient  for  spontaneous  emission 

$  distance  of  hot  wire  from  mirror  surface 

distance  of  virtual  image  from  mirror  surface 
oi  hot-wire  diameter 

o£  virtual-image  diameter 

D  dimension  of  (square)  infrared  detector 
•f  focal  length  of  mirror 

&  distance  between  the  flat  plates 

I  blackbody  spectral  radiant  emittance 

L  length  of  the  hot  wire 

N  spectral  radiance  of  hot  wire 

n  number  density  of  the  incident  stream 

n2Cy)  number  density  of  the  target  stream 

P  maximum  collision  probability  of  collision  for  an  incident  stream 
particle  in  the  target  stream 


9 


Pfl  probability  of  excitation  of  a  given  rotational  state 

Pv  probability  of  excitation  of  a  given  vibrational  state 

power  radiated  by  hot  wire  into  detector  in  A  K 

R  spherical  radius  of  mirror 

T  hot-wire  temperature 

V7  velocity  of  the  incident  stream 

Vg  velocity  of  the  target  stream 

velocity  of  the  center  of  mass  in  an  incident-target  molecule 
collision 

0/  total  flux  of  photons  into  detector  (photons  sec  *) 

X-  coordinate  parallel  to  the  incident  stream 

u  coordinate  parallel  to  the  axis  of  the  target  stream 


4 

4 

1 

:! 
a . 


I 


I 

.4 


$ 


68 


LIST  OF  SYMBOLS  (Contd) 


iw 

<>, 


coordinate  at  right  angles  to  x  and  to  y 

width  of  wire  shadow  on  detector 

spectral  emittance  of  hot  wire  at  temperature  T 

/  (v,  <r0) 

apex  angle  of  the  target  and  field -of -view  cones 
defined  by  Eq.  (23) 

wavelength 
wavelength  interval 

elastic  collision  cros3  section  for  the  incident  stream  particle 
and  the  target  gas 

cross  section  for  excitation  to  the  ir  ,  R  vibrational- 
rotational  state 

collision  cross  section  for  a  participating  excited  state 
lifetime  of  a  participating  excited  state 

flux  of  excited  states  between  target  cone  and  field  of  view, 
(molecules  cm  ^  sec  *) 

total  flux  of  target  molecules  (molecules  sec  ) 
pertaining  to  the  incident  stream 
pertaining  to  the  target  stream 
pertaining  to  a  participating  excited  state 


